1s2p resonant inelastic X-ray scattering (RIXS) spectroscopy has been measured for a series of iron oxides, including octahedral and tetrahedral Fe II and Fe III systems. Their spectral shapes have been analyzed and explained using crystal-field multiplet simulations. The RIXS planes and the K-edge and L-edge X-ray absorption spectra related to these RIXS planes will be discussed with respect to their analytical opportunities. It is concluded that the full power and possibilities of 1s2p RIXS needs an overall resolution of 0.3 eV. This will yield a technique with more detailed information than K-edge and L-edge X-ray absorption combined, obtained in a single experiment. Another major advantage is that 1s2p RIXS involves only hard X-rays, and experiments under essentially any condition and on any system are feasible.
Introduction
Over the past two decades, both K-edge and L-edge absorption of the 3d transition metals have developed into important characterization techniques in many fundamental and applied research fields, including, for example, surface chemistry, 1 coordination chemistry, 2 and metalloproteins. 3 The K edges of 3d transition metals are found in the hard X-ray regime between 5 and 10 keV and are measured routinely under essentially any condition, for example, under reaction conditions for catalysts, in cryostats for proteins, and in diamond anvil cells for highpressure studies. The possibility of reaching more extreme conditions and obtaining spectra on, for example, proteins with a much reduced radiation dose has given K-edge X-ray absorption a big advantage over the soft X-ray L-edges. A major disadvantage of K edges is the intrinsic broadening due to the 1s lifetime broadening of 1-2 eV, some three times broader than the corresponding L edges. This large broadening blurs many details, and this disadvantage means that K edges are usually less informative than the corresponding L edges. Another difference between K and L edges is that L edges probe directly the 3d-states at the valence band. The partially filled and correlated 3d-states are at the basis of the most interesting properties of 3d metals: their catalytic performance, magnetic coupling, and redox properties. The K edges probe, in the dipole approximation, only the empty metal 4p-states, which give less direct information on the ground state properties. It turns out that at the metal K-edges, the quadrupole transitions directly into the 3d band are not negligible, but these transitions, visible as preedge structures before the main K edge, are difficult to analyze. There are at least two main reasons for their obscurity: (1) the lifetime broadening and usually the applied experimental resolution yield a total broadening on the order of 1.5 eV, blurring much of the potential fine structure in the preedges and (2) it turns out that the preedge consists of both direct quadrupole transitions and dipole transitions to p-character that has hybridized with the 3d band. As a result, the preedge structures are in most cases analyzed only qualitatively. Alternatively, they are analyzed in a more phenomenological manner by measuring global properties (i.e., their center gravity and integrated intensity) to relate to properties such as their site symmetry and effective mean valence. 4 The L edges of 3d transition metals are found in the soft X-ray regime between 400 and 1000 eV and are measured routinely under vacuum conditions. There are actually two main routes for measuring these metal edges: (1) using a soft X-ray absorption (XAS) beamline at a storage ring and (2) using a dedicated transmission electron microscope (TEM) equipped with an electron energy loss (EELS) spectrometer. Soft X-ray beamlines have a typical resolution better than 0.1 eV, and TEM-EELS machines have a resolution in the range of 0.2 5 to 0.6 eV, 6 which is in the same range as the lifetime broadening of the 2p core holes, ranging from 0.2 eV 7 to 0.5 eV (fwhm). 8 TEM microscopes use electrons of typically 100 or 200 keV, and only samples with a thickness of less than 100 nm are easy to measure. Soft X-rays penetrate solids a few micrometers, but the main detection technique is total electron yield (TEY), where the electrons have an escape depth of only a few nanometers. A disadvantage of both TEY-XAS and TEM-EELS is that both usually need vacuum conditions to perform the experiments.
The reason for the vacuum is that both techniques measure the number and energy of electrons escaping from the surface of the samples and these electrons interact strongly with air. Large efforts are made to move both TEY-SXAS and TEM-EELS into in-situ conditions, but for both techniques the present status is that the upper limit for the pressure is in the millibar range. 9,10 A few setups exist that go to higher pressures, for example, fluorescence yield XAS. 11 In resonant inelastic X-ray scattering (RIXS) spectroscopy, a secondary monochromator (analyzer) with an energy bandwidth on the order of the lifetime broadening is used as a fluorescence detector. The first application of RIXS for 3d metal systems has been the effective removal of the 1s lifetime broadening, allowing the measurement of the K edge (or more precisely, a K-edge-like structure; see the discussion below) with unprecedented resolution. 12 Since then, a number of applications of RIXS have been developed and demonstrated, for example, the measurement of the spin-selective K edges, valence-selective EXAFS, and range-extended EXAFS by using detection channels specific for a certain edge, valence, and/or spin state. 2, 13 The electronic states that form the edge of an absorption spectrum are resonantly excited states that subsequently decay. In the case of a 3d transition metal ion, the radiative decay with the highest probability after 1s core hole creation is a 2p to 1s transition or the KR fluorescence emission. The spectroscopy is therefore denoted 1s2p RIXS to describe the core hole in the intermediate (1s) and final (2p) state. The fluorescence light emitted during the decay process can be recorded using a crystal analyzer with an energy bandwidth similar to that of the primary monochromator of the synchrotron beamline. 14 The process can be viewed as an inelastic scattering of the incident photon at the 3d transition metal atom and is theoretically described by the Kramers-Heisenberg formula 15 The intermediate state, |n〉, is reached from the ground state, |g〉, via a transition operator, T 1 . In a simplified picture using atomic configuration for Fe III , we can write |g〉 ) 3d 5 and |n〉 ) 1s3d 6 ; that is, a 1s electron is resonantly excited into a 3d orbital. The intermediate states, |n〉, in RIXS spectroscopy are the final states in conventional K-edge absorption spectroscopy.
The final states are reached via a 2p to 1s transition, and T 2 therefore identifies with the dipole operator. The 1s2p RIXS final state configuration |f 〉 ) 2p 5 3d 6 is identical to the final state configuration in soft X-ray L-edge absorption spectroscopy. Transition metal L-edge spectra with their pronounced chemical sensitivity have been discussed in depth by numerous authors. 1, 16 In particular, it was found that the strong (2p,3d) multiplet interaction makes the L edge more sensitive to the metal spin state. The same interaction also occurs in the 1s2p RIXS final states.
The incident energy, Ω, as well as the emitted energy, ω, is varied in a RIXS experiment. The recorded intensity is proportional to F(Ω,ω) (cf. eq 1) and is thus plotted versus a 2D grid: the RIXS plane. To assign the total energy of electronic states to the axes of the contour plots, one uses the incident energy axis, Ω (intermediate state energy), and the energy transfer axis, Ω-ω (final state energy). This choice of axes of the RIXS plane has also the advantage of the energy transfer axis relating to the excitation energy in L-edge absorption spectroscopy. The Kramers-Heisenberg equation contains two Lorentzian line shapes for the incident energy and the energy transfer. The lifetime broadenings, Γ K for the intermediate states and Γ L , for the final states thus apply in the Ω and Ω-ω direction, respectively. An experimental spectrum is further broadened by the energy bandwidths of the incident energy monochromator and the crystal analyzer.
Caliebe and co-workers performed 1s2p RIXS experiments on Fe 2 O 3 , and they measured the 1s2p RIXS spectra at the peak positions of the preedge structure. They derived 1s2p RIXS spectra that were equivalent to direct 2p-XAS spectra. 17 In this paper, we discuss the potential of 1s2p RIXS for the analysis of 3d metals including experimentally obtained 2D energy grids and a detailed theoretical analysis. 18 whereas tetrahedral systems have significant 3d4p admixture leading to mixed dipole and quadrupole contributions. All spectra will be analyzed using the crystal-field multiplet code. The K preedge structure will be simulated using quadrupole 1s3d transitions. Using exactly the same ground state, the L edges will be calculated using the 2p3d dipole transitions. Finally, the complete 1s2p RIXS spectrum will be calculated using the Kramers-Heisenberg formula and both the 1s3d quadrupole excitation (intermediate state) coupled to the 1s2p dipole decay (final state).
The use of 2D images has been introduced in the hard X-ray range for a series of nickel compounds. 19 The cross sections through these images showed very interesting effects. The cross sections measured at constant incident energy (CIE) showed L-edge-like spectra, similar to those obtained by Caliebe et al. 17 In addition, the cross sections measured at constant emitted energy (CEE) showed sharpened versions of the K preedges. This has been applied to a series of Fe/ZSM5 catalysts, that is, iron-oxide complexes in a zeolite matrix. 20 Below we will systematically compare the various cross sections that are possible. Recently, a series of manganese compounds 21 and a number of iron oxides 22 have been studied in a similar fashion. Rueff and co-workers measured a series of iron oxides and analyzed the preedge 1s2p RIXS.
In the present paper, we add the theoretical multiplet calculations, with which it becomes possible to interpret preedge structures and the 1s2p RIXS spectra in a quantitative way and to probe which physical phenomenon is at the origin of the various peaks and structures. We limit ourselves to crystal-field multiplet calculations, and we will show that these calculations capture the main trends and effects that are observed, although additional effects remain that will be mentioned in the discussion.
The most general way to present RIXS is by showing 2D plots that provide a comprehensive picture of the 1s X-ray absorption and the 1s2p X-ray emission processes. For quantitative purposes it is, however, more convenient to compare 1D spectral shapes. There are a number of ways one can create
spectral shapes out of the 2D images. In Figure 1 , we illustrate the three most straightforward cross sections. These are the following, respectively: constant incident energy (CIE) spectra, a vertical cross section at fixed excitation energy (7112 eV in Figure 1a and b). This relates to resonant X-ray emission spectra. Constant transferred energy (CTE) spectra, a horizontal cross section at a constant transferred energy in Figure 1a . In Figure  1b , the CTE scan is a diagonal cross section. A constant transferred energy implies that for all excitation energies the same final states are probed. This could also be called constant final state (CFS) spectra, but we prefer an experimental nomenclature. Constant emission energy (CEE) spectra: a diagonal cross section at a constant emission energy in Figure  1a . In Figure 1b , the CEE scan is a horizontal cross section at fixed emission energy. This relates to the so-called "lifetime removed" or "lifetime suppressed" spectra. These scans are sometimes referred to as partial fluorescence yield (PFY). Here, as well, we prefer the exact reference to the experimental procedure in the acronym because the emission energy of the fluorescence line can shift depending on the excitation energy. In addition to these three cross sections, spectra can be measured (or created from a 2D image) with a broader line width. In the limit that the complete preedge structure is included in such broad line scans, one can call them integrated spectra. This gives the following: integrated incident energy (IIE) spectra, a vertical band centered around a fixed excitation energy in Figure 1a and b. This yields the total decay intensity of all intermediate states to the 2p final states. Integrated transferred energy (ITE) spectra, a horizontal band centered around a transferred energy in Figure 1a . In Figure 1b , the ITE scan is a diagonal band. Effectively, this implies that the complete decay at a certain excitation energy is integrated; in other words, this relates to total fluorescence yield. Integrated emission energy (IEE) spectra, a diagonal band centered around constant emission energy in Figure 1a . In Figure 1b , the CEE scan is a horizontal band. Effectively, this also implies that the complete decay at a certain excitation energy is integrated; in other words, this also relates to total fluorescence yield. Note that with both an ITE scan and an IEE scan the same spectrum is created as long as the complete preedge is integrated. Note that the behavior of ITE scans and IEE scans is different above the edge where IEE scans follow the normal fluorescence and as such relate to the total KR fluorescence yield.
The principle of these cross sections and integrated spectra is clear, but it might not be obvious which type of line scan is most significant for the determination of the electronic structure of the system under study. One can, for example, argue that absorption-like spectra (ITE, CTE, and CEE) are more direct because they relate to transitions from the ground state. IIE and CIE are related to X-ray emission spectra and yield more indirect information. However, in a 1s2p RIXS experiment the 2p final state has strong multiplet features and always less lifetime broadening. Hence, there is potentially more information in IIE and CIE spectra, where one essentially measures 2p-XAS-like spectra using hard X-rays. In section 3.1, we will discuss the 2D images, which are compared to K edges in section 3.2 and to L edges in section 3.3.
Experimental Section

1s2p RIXS.
RIXS data were recorded on the Bio-CAT undulator beamline 18-ID at the Advanced Photon Source. 23 The energy of the incoming synchrotron beam was selected by means of a nitrogen-cooled Si (1,1,1) double-crystal monochromator. The sample was oriented at 45°relative to the incident beam, and the beam size on the sample was 1.5 mm horizontal and 0.5 mm vertical fwhm. The focusing mirror rejected higher harmonics. Using the fundamental undulator peak, the maximum incident flux was ∼10 13 photons/sec at 7.1 keV. For some samples, Al foils attenuated the incident beam intensity to prevent detector saturation and/or sample radiation damage. The incident X-ray monochromator energy bandwidth was less than 1.0 eV at 7100 eV. The monochromator was operated in continuous scan mode, where data are acquired "on the fly" during motor motion, thus minimizing the dead time per scan. A beam shutter was inserted automatically when no data were acquired during motor motions (monochromator or sample positioning) to reduce sample illumination. The monochromator energy calibration was checked repeatedly by recording the K-edge of an Fe foil at 7112 eV.
The scattered/emitted X-rays were collected by means of a crystal array spectrometer as described in detail elsewhere. 24 Figure 1 . Two-dimensional contour plot of a theoretical 1s2p3/2 RIXS spectrum for Fe II using an experimental broadening of 0.3 eV for both the monochromator and the detector resolution. The contour plots indicate lines of equal intensity where the dark (red) areas have the highest intensity. The difference between the two plots is that in plot a the vertical axis gives the energy transfer (Ω-ω) and in plot b it gives the emitted energy (ω). The lines indicate the three different cross sections, CIE, CEE, and CTE, as discussed in the text.
The (4,4,0) Bragg reflection of four spherically bent (R ) 1000 mm) Ge crystals of 89 mm diameter each arranged in Rowland geometry were used. The analyzer crystals captured a solid angle of 3.4 × 10 -2 sr. A nitrogen-cooled solid state (Ge) detector was placed at the common focus of the four crystals, and the entire emitted beam path was enclosed by a He-filled bag. The narrow energy bandwidth of the Ge detector (∼300 eV at 6.5 keV) was used to window out unwanted X-ray events and thus improved the signal-to-background ratio. The energy bandwidth of the emission spectrometer was better than 0.5 eV as determined by measuring the elastic peak at 6504 eV Energy calibration of the spectrometer was achieved by measuring the absolute angle of the Bragg reflection using optical tools. We estimate that the upper limit for the error of the absolute energy calibration is 1 eV.
In our setup, the intersecting Rowland circles are oriented perpendicular to the synchrotron plane in the vertical direction. Therefore, changes in energy are most sensitive to vertical movements of the synchrotron beam, which can affect the energy calibration of the spectrometer. By using a guard slit in front of the sample, the vertical position of the spectrometer source volume was fixed and we give an upper limit for the absolute error of the energy transfer of 0.1 eV. Scans of the scattered X-rays were taken between 6395 and 6413 eV, corresponding to Bragg angles of 75.78 and 75.15 degrees, respectively. Energy scans of the scattered X-rays were achieved by simultaneously moving the table holding the analyzer crystals and the detector (twice the amount) in the vertical direction. 24 The table step size was 0.05 mm, which translates to energy steps of 0.081 eV at 6395 and 0.085 eV at 6413 eV on the energy transfer axis. The count rates in the continuous monochromator scans were integrated over steps of 0.1 eV.
High-resolution KR 1 -detected XANES spectra were recorded by tuning the analyzer energy to the maximum intensity of the Fe KR 1 emission peak of Fe 2 O 3 and by scanning the incident energy through the XANES region. This procedure is referred to as a constant emission energy (CEE) scan and corresponds to a diagonal line scan through the (Ω, Ω-ω) RIXS plane. The XANES spectra were normalized by the average absorption intensity, determined at around 7200 eV Radiation damage studies were performed for all samples by recording KR 1 -detected CEE scans. The beam position on the sample could be adjusted vertically and horizontally, and the total illumination time per sample position was kept below the time limit when damage occurred. To obtain the twodimensional RIXS plane, we recorded CEE scans while the fluorescence energy changed stepwise. We took a total of 221 CEE scans for the model compounds to build up the experimental RIXS planes. The beam position on the sample was changed with every scan and the maximum scan time was 30 s. To correct for Fe concentration variations across the sample, we measured the scattered X-ray intensity at a constant incident energy chosen at the preedge absorption maximum for each sample position. Each CEE scan was corrected for variations in the incident intensity, I 0 , and all CEE scans that form a RIXS plane were corrected relative to each other with respect to I 0 and Fe concentration variations across the sample. The experimental RIXS plane was splined on an energy grid with equal energy steps of 0.1 eV in both directions. A constant background was subtracted from all RIXS spectra. All of the samples were measured as powders at room temperature. To minimize fluorescence saturation, 25 the samples were made optically thin by diluting the pure sample with boron nitride.
2.2.
In Situ Soft X-ray Absorption Spectroscopy. The soft X-ray absorption spectra of the Fe L 2,3 edge (700-730 eV) of Fe 2 O 3 and FePO 4 were measured at BESSY (Berlin) using beamline U49/2-PGM-1. 26 The spectral resolution of the monochromator was 0.2 eV. The spectra have been measured at room temperature under 5 mbar oxygen pressure using the in situ lowenergy XAS setup as developed by Knop-Gericke and coworkers. 9 The X-ray absorption spectral shape is measured with a collector plate that detects the ionized gas that is due to the created electrons in the X-ray absorption process and the subsequent nonradiative decay of the core hole. This ionized gas conversion total electron yield has a probing depth of approximately 4 nm. 27 2.3. Electron Energy Loss Spectroscopy. The Fe L 2,3 -EELS spectra were collected with a Gatan DigiPEELS 766 parallel electron spectrometer attached to a Philips CM12 TEM operating at 120 kV. 28 Because it was operating in an undersaturated mode, the energy spread of the LaB 6 cathode defined as full width at half-maximum height of the zero-loss peak was 0.8 eV. The spectra were collected in diffraction mode using a 2-mm PEELS aperture at small convergence a ) 2.6 mrad. The measurements were performed with an energy dispersion of 0.1 eV/channel. We examined 6-12 grains per sample to check the data reproducibility and to exclude errors due to sample inhomogeniety and possible orientation-dependent effects. No sign of radiation damage was observed. Data reduction included the correction for dark current and channel-to-channel gain variation and the subtraction of an inverse power law background. Multiple scattering and tailing effects of the zero-loss peak were deconvoluted by the Fourier-ratio technique 29 using the corresponding low-loss spectra, acquired consecutively to core-loss spectra from the same specimen region.
Multiplet Calculations.
We have applied crystal-field multiplet theory and charge-transfer multiplet theory 1 to calculate K-preedge, L-edge, and 1s2p RIXS spectral shapes. With the crystal-field multiplet theory, the L 2,3 edge has been calculated with the transition from 3d 5 to 2p 5 3d 6 for Fe III . In addition, charge-transfer multiplet calculations have been carried out using the transition from 3d 5 + 3d 6 L to 2p 5 3d 6 + 2p 5 3d 7 L, where L implies a hole in the oxygen 2p valence band. The K preedge has been calculated as the quadrupole transition from 3d 5 to 1s 1 3d 6 for the octahedral Fe III . In the case of the tetrahedral Fe III , the dipole channel from 3d 5 to 1s 1 3d 5 4p 1 can be added and coupled to the quadrupole transition, but in the present paper we did not include this option. The 1s2p X-ray emission channel is calculated as the transition from 1s 1 3d 6 to 2p 5 3d 6 and the 1s2p RIXS is calculated using the Kramers-Heisenberg formula as given above, with |g〉 ) 3d 5 , |n〉 ) 1s 1 3d 6 , and |f 〉 ) 2p 5 3d 6 99%) . The oxide mixtures were mixed in an agate mortar, pelletized, and sintered at 1400°C in vertical gas mixing furnaces using a CO/CO 2 ) 75/25 gas mixture. The samples were quenched rapidly, reground, and subsequently reannealed at 1400°C for 18 h, 1100°C for 48 h, and 700 for 48 h, always using a CO/CO 2 ) 85/15 gas mixture. Samples were characterized using XRD and Mössbauer spectroscopy. Details are given by Klemme and van Miltenburg. 30 For the EELS investigations, TEM specimen are prepared exclusively by crushing small crystals between clean glass slides and suspending tiny fragments with ethanol onto holey TEM grids. For the XANES and RIXS investigations, all of the samples were measured as powders.
Results and Discussion
3.1. 1s2p RIXS Spectra. 1s2p RIXS involves the measurement of the 1s2p X-ray emission spectra at the excitation energies related to the 1s preedge energies. This has been discussed in detail in a recent paper by Glatzel and Bergmann. 2 In first approximation, this 1s2p RIXS plane can be understood as the transition from the 3d 6 ground state to the 2p 5 3d 7 final states via the 1s 1 3d 7 intermediate states. This resonant transition is described with the Kramers-Heisenberg formula and the matrices involved are the 3d 6 f 1s 1 3d 7 quadrupole transition coupled to the 1s 1 3d 7 f 2p 5 3d 7 dipole decay. One obtains the K preedge structure by looking at the incident energy and integrating over the decay channels, that is, over the emission energy (or equivalently the energy transfer). One obtains the L-edge spectrum by looking at the energy transfer and integrating over the incident energy. Hence, the 1s2p RIXS plane contains information of both K-preedge and L-edge spectra. Figure 2a shows the experimental 1s2p RIXS spectrum of FeAl 2 O 4 , given as a contour plot. The image on the left indicates the raw data as measured. The image on the right has been created after subtracting the edge structure. The preedge has a maximum intensity at 7113 eV and one observes a maximum emission at energy transfers of 706 eV to 707 eV. A shoulder is visible at 7114.5 eV excitation energy and 708 eV energy transfer. At higher energy, the edge absorption becomes visible above 7118 eV excitation energy and 712 eV energy transfer. Figure 2b shows the 1s2p RIXS spectrum of Fe 2 SiO 4 , where we note that the contour looks rather similar to the case of FeAl 2 O 4 . Figure 2c shows the 1s2p RIXS spectrum of Fe 2 O 3 . The contours look rather different from both divalent oxides, and a dominating diagonal structure is visible. A diagonal line indicates that the energy transfer follows the incident energy; in other words, the emission occurs at constant emission energy. Emission at constant energy can relate to nonresonant channels, that is, channels where the information on the excitation is lost (or the photoexcited electron does not interact with the remaining ion) and the decay is given by the same transition for all excitation energies. Another route for obtaining a constant emission energy is a channel that conserves the electronic excitation during the decay step and essentially replaces the 1s core hole with the 2p core hole. This seems to be the most likely explanation for the two crystal-field split peaks at 7114.5 and 7116 eV. They have energy transfer peaks at, respectively, 707.5 and 709 eV, implying that they maintain their crystal-field symmetry during decay. In other words, a t 2g -like intermediate state decays preferentially to a t 2g -like final state. A faint peak is visible at 7119 eV excitation energy and 712.5 eV energy transfer. As will be discussed below, the nature of this peak is most likely due to mixing with the 3d character of the iron nearest neighbors. Figure 2d shows the experimental 1s2p RIXS spectrum of FePO 4 . The contours show an essentially single peak, caused by the dominating dipole excitation in FePO 4 that has only one transition. Notice that the broadening of the peak is essentially symmetric for the incident energy, but it is highly asymmetric for the energy transfer. This indicates that the final state is not a single state, but that there are additional shoulder states at the high energy transfer site of the main peak. The preedge is further separated from the main edge for Fe III states, which implies that the edge itself falls outside the 2D image shown. Figure 3a shows the theoretical Fe 1s2p 3/2 RIXS spectrum of FeAl 2 O 4 with an experimental broadening of 1.0 eV for both the monochromator and the detector resolution. The experimental spectrum as given in Figure 2a is essentially reproduced. One observes an extended maximum for the main preedge peak and a second peak at higher excitation energy and higher energy transfer. Figure 3b gives Figure 3c gives the 1s2p RIXS of Fe 2 O 3 , which has two clearly distinct peaks. This spectrum is significantly different from the experiment. The intensity ratio of the two peaks, essentially the t 2g and the e g peak, is reversed in experiment with respect to theory. This discrepancy has also been observed by Caliebe et al. 17 In addition, the additional structure between the preedge and the edge is not found in the crystal-field multiplet calculations. Figure 3d gives the 1s2p RIXS of FePO 4 . A single peak elongated in the energy transfer direction is found similar to that in the experimental spectrum.
The main trends in the 1s2p RIXS can be found from the atomic multiplet transitions for the 3d 6 (Fe II ) and 3d 5 (Fe III ) cases. A 3d 5 system has only one atomic quadrupole transition from the 6 S ground state to the 5 D final state. A 3d 6 system has two atomic quadrupole transitions from the 5 D ground state to the 4 F and 4 P final states. These atomic effects are visible in the 1s2p RIXS spectra as the double peak structure for Fe II and the single peak structure for Fe III . The vertical axis shows the 2p final states, which are identical to the final states of 2p XAS. The atomic 2p XAS spectra have their well-known multiplet features, and it is clear that the largest influence on the 1s2p RIXS spectral shape is caused by the atomic multiplet effects. This implies that with a resolution of 1.0 eV for the excitation and 1.0 for the decay, most nonatomic effects such as the crystalfield and charge transfer will not be clearly visible. To better study these effects, one would need an improved resolution of ∼0.3 eV, similar to that of 2p XAS. Figure 4 is a repetition of Figure 3 with the modification of the experimental resolution of monochromator and detector from 1.0 to 0.3 eV. Figure 4a shows the theoretical Fe 1s2p 3/2 RIXS spectrum of FeAl 2 O 4 . It is evident that the increase in information content between Figure 4a and Figure 3a is enormous. The peak at 7113 eV is split into two in the energy transfer direction with peaks at 706 and 707.5 eV. In addition, the peak at 7114.5 eV excitation energy has two decay peaks at, respectively, 709 and 710.5 eV. This figure shows that in order to make full use of the possibilities of 1s2p RIXS an overall experimental resolution of 0.3 eV is needed. For example, with this 0.3 eV resolution the differences between FeAl 2 O 4 and Fe 2 SiO 4 are clear. Fe 2 SiO 4 as given in Figure 4b has a broad asymmetric peak at (7112, 706) followed by a more singular peak at (7113, 708), whereas in the case of FeAl 2 O 4 this is exactly opposite, as visible in Figure 4a . It is important to note that the differences between FeAl 2 O 4 and Fe 2 SiO 4 are larger in 1s2p RIXS planes compared to their 2p XAS spectra, which indicates the superior possibilities of 1s2p RIXS (compared with 2p XAS) to determine the details in the electronic structure. Fe III compounds have just one single excitation energy for atomic states, hence all fine structure is related to crystal-field effects as well as multiplet effects in the final state. The Fe 2 O 3 spectrum has two clearly distinct peaks (that were already visible with the 1.0 eV resolution), but, as discussed this simulation, they differ from those in the experiment. The high-resolution FePO 4 spectrum shows clear crystal-field effects, and peaks are visible at (7114, 708) and (7115, 709-709.5), which were only visible as asymmetries in Figure 3. 3.2. Comparison with K-Edge X-ray Absorption Spectra. Figure 5 shows the Fe 1s X-ray absorption spectra of Fe 2 SiO 4 , FeAl 2 O 4 , Fe 2 O 3 , and FePO 4 normalized to the edge jump with respect to the EXAFS-region. These K edges have been obtained by integrating the 1s2p RIXS planes over the emission energy, the so-called IEE scan. One observes a preedge structure around 7115 eV, followed by the absorption edge. The edge energy is 7118 eV for the divalent iron oxides and 7122 eV for the trivalent iron oxides. The onset of the edges is exactly identical for both divalent and trivalent iron oxides. At higher energies, differences occur between Fe 2 SiO 4 and FeAl 2 O 4 as well as between Fe 2 O 3 and FePO 4 because of differences in their empty density of states. The edge shift of 4 eV between Fe II and Fe III oxides is in agreement with the trends found in, for example, bulk Mn oxides. 31 De Vries et al. found from quantum chemical analysis that it is not so much the valence itself, but more the resulting metal-oxygen distances that determine the edge energy in 3d oxides. 32 Figure spectra have been created from the 1s2p RIXS planes by subtracting the edge structure and by integrating the emission energy. The spectra have been normalized to highlight the differences in their spectral shapes. The preedge energy can be characterized by its center-of-gravity (first moment) and is positioned at 7113 eV for the divalent iron oxides and at 7114.5 eV for the trivalent iron oxides. This shift of 1.5 eV is significantly less than the edge shift of 4 eV, in agreement with the findings of, for example, vanadium oxides. 33 FePO 4 exhibits a sharp and strong preedge peak. In the case of the divalent iron oxides, at least two features are visible for each system and the tetrahedral FeAl 2 O 4 sites give rise to a larger preedge intensity. From the analysis of a large number of iron compounds, the intensity and position of the preedge has been determined using the center-of-gravity method for the position. 34 The results give an average energy position of Fe III preedges at 7113.5 eV for both for tetrahedral and octahedral symmetry, whereas their relative intensities are 0.35 for tetrahedral and 0.06 for octahedral symmetry, respectively. Hence, the main difference is the increased intensity resulting from a much larger dipole contribution to the tetrahedral site. A similar phenomenon can be observed for Fe II , which leads to a tool to analyze both the valence and symmetry of iron sites from the preedge analysis. It has been shown by Heijboer et al. that this analysis can also be applied to K detected spectra. 20 The preedge region of iron compounds has been investigated systematically by Westre and co-workers. 18 The preedges are analyzed in terms of quadrupole transitions and the spectra could be interpreted in terms of multiplet theory, including the crystalfield and intra-atomic electron-electron interactions. The Fe III spectra are calculated from the quadrupole transitions of 3d 5 to 1s 1 3d 6 . The Fe II spectra use 3d 6 as the ground state. The intensity of the preedge region is much larger for compounds in which the metal site has tetrahedral symmetry than for octahedral systems. In tetrahedral systems, the local mixing of p and d nature is symmetry allowed, whereas for a system with inversion symmetry such as octahedral symmetry it is forbidden. This rule is relaxed in the solid, and if the density of states is calculated then one finds small admixtures of p states into the 3d band even for perfect octahedral systems, for example, SrTiO 3 . 35 However, this admixture is less than that for tetrahedral systems. P character will be mixed into the 3d band if an octahedral metal site is distorted, resulting in an increased intensity of the preedge. In a recent paper by Arrio and coworkers 36 the preedges are calculated with multiplet theory in low symmetry, allowing for the explicit inclusion of the coupling of the dipole and quadrupole transitions. A number of iron mineral preedge spectra are divided into their dipole or quadrupole nature.
The assignment of the preedge structures in terms of both quadrupole and dipole transitions yields a uniform and consistent description of the iron K preedge structures. In this analysis, the energies of dipole and quadrupole peaks are assumed to be equal, where this assumption is in agreement with the observation that the peak positions of the octahedral complexes (dominated by quadrupole transitions) are essentially equal to the peak positions of the tetrahedral complexes (dominated by dipole transitions). 18 Figure 7 shows two multiplet calculations of the preedge of Fe 2 SiO 4. The Fe site has a 3d 6 configuration, which in spherical symmetry has a 5 D ground state. A quadrupole excitation brings this ground state to two possible final states, respectively, 4 F and 4 P. The addition of a cubic crystal-field (top spectrum) gives three peaks, respectively, related to 4 T 1g , 4 T 2g , and another 4 T 1g final state of the (1s 1 )3d 7 configurations, where the symmetry labels apply to the 3d part only. 18 These crystal-field multiplet calculations do not include (a) the 3d spin-orbit coupling, (b) the 1s3d exchange interaction, or (c) the effects due to charge transfer. The bottom figure includes all of these effects and instead of three peaks, a large number of peaks are visible. However, after broadening essentially the same spectrum is obtained. Note that at the energy range between 7117 and 7123 eV charge-transfer satellites would be visible in principle, similar to the L 2,3 edges. In this energy range, one observes the sharply rising main K edge, which makes any small charge transfer satellites impossible to distinguish. For tetrahedral symmetry, there is the well-known admixture of dipole transitions to some (but not all) multiplet states. The full charge transfer multiplet calculations essentially confirm the calculations of Westre et al. 18 For an octahedral Fe III oxide such as Fe 2 O 3, one expects a preedge consisting of two peaks split by the crystal field and with an intensity ratio given by the number of empty T 2g and E g states, that is, 3:2. Instead, Fe 2 O 3 has a second peak that has a higher instead of a lower intensity than the first peak.
Before going into a possible explanation for this discrepancy, we note that other octahedral Fe III systems have a preedge structure as well as a 1s2p RIXS structure exactly in agreement with the calculations. Figure 8 shows the 1s2p RIXS experiment of iron(III) acetylacetonat (Fe(acac) 3 ). In this coordination complex, the iron is octahedral surrounded by six oxygens, but the difference with Fe 2 O 3 is the absence of short Fe-Fe interactions. The 1s2p RIXS of Fe(acac) 3 is in excellent agreement with the calculation of octahedral Fe III as given in Figure 3c . Also, the 1s2p RIXS spectrum of the mineral andradite as published by Rueff and co-workers has this shape. 22 In the andradite mineral, there are also no short Fe-Fe distances, which confirms that in the case of Fe 2 O 3 this short Fe-Fe distance is the reason for the discrepancy. A possible mechanism could be the mixing of iron 4p character with the 3d band of a neighboring iron, similar to the case of TiO 2 . 37 In the case of Fe 2 O 3 , this mechanism would lead to a two-peaked quadrupole preedge split by the crystal field plus a two-peaked dipole preedge that is shifted upward by the core hole potential energy of ∼3 eV. This second set of structures overlaps with the first set, thereby enhancing the second preedge peak. In addition, this mechanism creates extra intensity between the preedge and the edge. It is our expectation that experimental 1s2p RIXS studies with a resolution of ∼0.3 eV will provide evidence to further disentangle these phenomena. Figure 9 shows the experimental L-edge spectra of the four iron oxides compared to crystal-field multiplet calculations. One observes the transitions from the 2p core state to the empty 3d states. The L 3 edge with transitions to the 2p 3/2 states is visible at 710 eV and the L 2 edge with transitions to the 2p 1/2 states at 722 eV. The 2p core hole wave function has a large overlap with the 3d wave functions, which causes the so-called multiplet effect that causes the 2p X-ray absorption line shapes to be given, in first approximation, by the 2p 5 3d 6 FeAl 2 O 4, respectively. Below we will show that both of these ground states indeed yield a similar 2p X-ray absorption spectrum.
Comparison with L-Edge X-ray Absorption Spectra.
The crystal-field multiplet calculation of Fe 2 O 3 is given with a solid line. The crystal-field strength has been set at 1.5 eV and the Slater-Condon parameters (equivalent to the Racah B parameter) have been rescaled to 90% of their atomic values. 1 The L 3 part of the spectrum has been broadened with a 0.4 eV (full width half-maximum (fwhm)) Lorentzian and the L 2 part with a 0.8 eV Lorentzian to account for the additional CosterKronig decay channels. A Gaussian broadening of 0.5 eV has been added to match the experimental resolution. The simulation describes the experimental spectrum well for both the L 3 edge and the L 2 edge. Some small deviations are that the peak intensity at 708 eV is calculated too low, which is a result that is well known in crystal-field multiplet simulations of iron oxides. 38 At the L 2 edge, the first peak is too low and the peak positions are off by ∼0.2 eV. Crystal-field multiplet calculations are only a first approximation to simulate the experimental spectra, and many effects are not included in such calculations. It has been shown that the inclusion of the 3d 6 L configuration improves the simulation of some 2p X-ray absorption spectra significantly, in particular for trivalent and tetravalent systems. From a series of charge-transfer calculations using a 3d 5 + 3d 6 L ground state, we found that an overall crystal-field splitting of 1.5 eV can be obtained by including an ionic crystal-field splitting of 1.2 eV, with an additional 0.3 eV splitting due to the difference of hopping energies of 1.0 eV (t 2g ) and 2.0 eV (e g ) respectively. 39 The energy difference between the 3d 5 and 3d 6 L configuration (i.e., the charge-transfer energy) has been set to 3.0 eV. This simulation is given with the dashed line. It can be seen that the charge-transfer simulation does not solve the discrepancy of the first peak, but it does produce the correct splitting between the L 3 and L 2 edge. In addition, the satellites at ∼713 eV and ∼717 eV are found in the simulation. Because the improvement of including charge transfer to the spectral shape of Fe 2 O 3 is not very large and because the effects of charge transfer will be even smaller for the other three oxides, we decided to use only the crystal-field multiplet approach for all calculations. This also limits the degrees of freedom for the spectral simulations.
The spectrum of FePO 4 has been simulated with a crystal field of -0.9 eV and the Slater-Condon parameters rescaled 90% of their atomic value. A negative crystal-field value indicates that the energy position of the e states is below the t 2 states. The simulated spectrum agrees well with the experiment. The energy positions of the leading peak at 708 eV, the peak at 713 eV, and that at 716 eV are all reproduced. The spectrum of Fe 2 SiO 4 is calculated with a crystal-field strength of 1.2 eV and atomic Slater-Condon parameters have been used. The 5 T 2 ground state of Fe 2 SiO 4 is sensitive to the effects of 3d spinorbit coupling, similar to other 3d oxides such as CoO 1 and LaNiO 3 . 40 We have calculated the Fe 2 SiO 4 spectrum with and without spin-orbit coupling. At the L 3 edge, there is no clear distinction in the calculations, but the L 2 edge is much better simulated if 3d spin-orbit coupling is not included. In particular, the peak at 719 eV is observed clearly in experiment and is absent if 3d spin-orbit coupling is included. Therefore, we conclude that for Fe 2 SiO 4 the 3d spin-orbit coupling is effectively quenched at room temperature, which could be caused by dispersion effects and/or by symmetry reduction. The spectrum of FeAl 2 O 4 is calculated with a crystal-field strength of -0.7 eV. The calculation in octahedral symmetry (solid line) describes the experimental spectrum rather well. The groundstate symmetry of a tetrahedral Fe II site is 5 E and the e-orbital is partly filled, giving rise to a Jahn-Teller distortion. We have also calculated the 2p X-ray absorption spectrum after applying a small tetragonal field (Ds ) 0.1 eV). The dashed line gives a more symmetric L 3 main edge, improving the agreement with experiment, and also the L 2 edge seems better described. The parameters determined from the 2p XAS spectral shapes have also been used for the 1s2p RIXS calculations. Figure 10 compares the 2p XAS spectrum of Fe 2 SiO 4 with CIE cross sections through the 1s2p RIXS plane. The 2p XAS spectrum shows a peak at 708 eV and a shoulder at 709.5 eV. The CIE cross section at 7112 eV shows two peaks at 706 and 707 eV, which implies that different final states are probed. The 7113 eV spectrum shows its main peak at 708 eV and roughly the same peaks are seen as in 2p XAS with slightly different intensities. These two CIE spectra relate essentially to the first 4 T 1g and 4 T 2g of the (1s 1 )3d 7 states in the K preedge (as given in Figure 7 ). The reason that the 1s2p resonant XES spectrum of the 4 T 2g intermediate state peak looks like direct 2p XAS is caused by the fact that the overall symmetry of this intermediate state is 4 T 2 times 2 S, yielding 5 T 2 symmetry ( 3 T 2 is not allowed). This is the same symmetry as the ground state. The 2p XAS process then brings the 5 T 2 ground state to 5 T 1 times 1 P final states. Similarly, the 1s2p XES brings the 5 T 2 intermediate state to final states of the same symmetry, but because of the different matrix elements they have different spectra. The third peak at 7114.6 eV peaks at 710 eV in the final state. One observes a diagonal trend, as also is visible in the 1s2p RIXS planes. The quadrupole excitation reaches different multiplet states in the K preedge, and these states maintain the energy difference in their decay process. This applies to spin (high-spin at the lowest energy) and crystalfield effects (T 2 at the lowest energies). If one includes charge transfer, then it also applies to charge-transfer excitations. The 1.0 eV broadened spectra of course give the same trend, but most of the fine structure has disappeared. The experimental spectra are equivalent to these 1.0 eV theoretical spectra. Because of a lack of fine structure, it is not possible to derive the crystal-field and other parameters with the same accuracy as that for 2p XAS spectra. This clearly demonstrates that if one would like to use 1s2p RIXS for electronic structure determinations, similar to 2pXAS, one needs an overall resolution of the order of 0.3 eV. This will yield a characterization method that is even more powerful than 2p XAS because a number of different resonant 1s2p XES spectra can be obtained, which together will allow a more reliable multiplet fit, yielding the crystal-field (and charge-transfer) parameters. These resonant 1s2p XES spectra involve only hard X-rays and therefore allow for experiments under essentially any (extreme) condition. Together this opens a new versatile and powerful tool for in situ electronic structure determinations for transition metals, which will likely have many applications in fields such as catalysis, fuel cells, batteries and geoscience.
Conclusions
We hope that with this paper we have added to the development of new, more quantitative ways of measuring and interpreting preedge structures. There are undoubtedly many effects hidden in the preedge spectral region, some of which could be very valuable in characterizing the electronic and molecular structure of 3d transition-metal systems. RIXS experiments have the potential to "circumvent" the limitation given by lifetime broadening and the large background from the main absorption edge. A practical advantage, in particular, of 1s2p RIXS is the fact that these experiments, unlike conventional 2p XAS, make use of a hard X-ray probe. This implies that experiments under extreme conditions and in chemical reactors or other in situ situations will benefit most from the possibilities from 1s2p RIXS. 2 Similarly, metalloproteins that are sensitive to photoreduction or photooxidation profit from the less-damaging hard X-ray probe. Here the most wellknown example might be the Mn cluster of the oxygen-evolving complex in photosystem II. In the data shown in this paper, the main limitation has been the overall energy resolution, which has prevented us from gaining more detailed information. Nevertheless, even with somewhat poorer resolution, useful information such as the valence and spin state has been determined with RIXS, for example, under extreme conditions. 41 Energy resolution is not a fundamental limitation of this technique. In fact, high-resolution data have been reported already several years ago (see, e.g., ref 17) . At present, RIXS beamlines exist or are being designed at, for example, the ESRF, APS, SPRING8, PETRA III, SOLEIL, and DIAMOND storage rings. The challenge for these future instruments is to combine high resolution with good sensitivity in order to make it practical to measure a complete RIXS plane in a reasonable time even for dilute systems or difficult conditions. Such work is in progress and it is expected that in the future additional electronic structure information can be obtained by this potentially powerful technique.
